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GARNET PHOSPHOR MATERIALS HAVING ENHANCED 
5 SPECTRAL CHARACTERISTICS 

BACKGROUND OF THE INVENTION 

The present invention relates to phosphor compositions, particularly 
phosphors for use in lighting applications. More particularly, the present 

10 invention relates to garnet phosphors having enhanced emissions in defined 
spectral regions compared to conventional garnet phosphors and a lighting 
apparatus employing these phosphors. 

Light emitting diodes (LEDs) are semiconductor light emitters often 
used as a replacement for other light sources, such as incandescent lamps. 

15 They are particularly useful as display lights, warning lights and indicating 
lights or in other applications where colored light is desired. The color of light 
produce by an LED is dependent on the type of semiconducting material used 
in its manufacture. 

Colored semiconductor light emitting devices, including light emitting 

20 diodes and lasers (both are generally referred to herein as LEDs), have been 
produced from Group lll-V alloys such as gallium nitride (GaN). To form the 
LEDs, layers of the alloys are typically deposited epitaxially on a substrate, 
such as silicon carbide or sapphire, and may be doped with a variety of n and 
p type dopants to improve properties, such as light emission efficiency. With 

25 reference to the GaN-based LEDs, light is generally emitted in the UV and/or 
blue range of the electromagnetic spectrum. Until quite recently. LEDs have 
not been suitable for lighting uses where a bright white light is needed, due to 
the inherent color of the light produced by the LED. 

LEDs rely on its semiconductor to emit light. The light is emitted as a 

30 result of electronic excitation of the semiconductor material. As radiation 
(energy) strikes atoms of the semiconductor material, an electron of an atom 
is excited and jumps to an excited (higher) energy state. The higher and 
lower energy states in semiconductor light emitters are characterized as the 
conduction band and the valence band, respectively. The electron, as it 



returns to its ground energy state, emits a photon. The photon corresponds to 
an energy difference between the exited state and ground energy state, and 
results in an emission of radiation. 

Recently, techniques have been developed for converting the light 
5 emitted from LEDs to useful light for illumination purposes. In one technique, 
the LED is coated or covered with a phosphor layer. A phosphor is a 
luminescent material that absorbs radiation energy in a portion of the 
electromagnetic spectrum and emits energy in another portion of the 
electromagnetic spectrum. Phosphors of one important class are crystalline 

10 inorganic compounds of very high chemical purity and of controlled 
composition to which small quantities of other elements (called "activators") 
have been added to convert them into efficient fluorescent materials. With the 
right combination of activators and inorganic compounds, the color of the 
emission can be controlled. Most useful and well-known phosphors emit 

15 radiation in the visible portion of the electromagnetic spectrum in response to 
excitation by electromagnetic radiation outside the visible range. 

By interposing a phosphor excited by the radiation generated by the 
LED, light of a different wavelength, e.g., in the visible range of the spectrum 
may be generated. Colored LEDs are often used in toys, indicator lights and 

20 other devices. Manufacturers are continuously looking for new colored 
phosphors for use in such LEDs to produce custom colors and higher 
luminosity. 

In addition to colored LEDs, a combination of LED generated light and 
phosphor generated light may be used to produce white light. The most 

25 popular white LEDs consist of blue emitting GaInN chips. The blue emitting 
chips are coated with a phosphor that converts some of the blue radiation to a 
complimentary color, e.g. a yellow-green emission. Together, the blue and 
yellow-green radiation produces a white light. There are also white LEDs that 
utilize a UV emitting chip and a phosphor blend including red, green and blue 

30 emitting phosphors designed to convert the UV radiation to visible light. 

One known yellow-whitish light emitting device comprises a blue light- 
emitting LED having a peak emission wavelength in the near UV-to-blue 
range (from about 315 nm to about 480 nm) combined with a yellow light- 
emitting phosphor, such as cerium doped yttrium aluminum garnet 
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(Tb.Y)3Al4.90i2.8:Ce^* ("TAG:Ce") wherein 5 is typically between about -1 to 1. 
The phosphor absorbs a portion of the radiation emitted from the LED and 
converts the absorbed radiation to a yellow light. The remainder of the blue 
light emitted by the LED is transmitted through the phosphor and is mixed with 
5 the yellow light emitted by the phosphor. A viewer perceives the mixture of 
blue and yellow light, which in most instances is perceived as a whitish-yellow 
light. 

Such systems can be used to make white light sources having 
correlated color temperatures (CCTs) of >4500 K and color rendering indicies 

10 (CRIs) ranging from about 75-82. While this range is suitable for many 
applications, general illumination sources usually require higher CRIs and 
lower CCTs. One method of achieving this in blue LED devices requires that 
the phosphor emission be enhanced in the red spectral region compared to 
current yellow emission of conventional phosphors. 

15 To accomplish this, phosphor blends utilizing deep red phosphors are 

sometimes used to produce light sources having a high color rendering index 
(CRI). Two deep red phosphors currently being used in such applications are 
(Ca,Sr)S:Eu^'' and (Ba,Sr.Ca)xSiyNz:Eu^*. While effective, such phosphors 
may reabsorb emission from other phosphors (e.g. TAG:Ce) that may be 

20 present in the illumination device due to the overlapping of the Eu^* 
absorption bands in these materials with the emission of the other phosphors. 
Thus, a need exists for a new phosphor having a redder emission than 
TAG:Ce phosphors for use in LEDs displaying high quantum efficiency to 
produce both colored and white-light LEDs having a high CRI. 

25 Another potential method to enhance the CRI of a lighting source using 

a blue or UV LED to excite a phosphor is to enhance the emission of the 
device in the blue-green region. Thus, a need exists for a phosphor having 
enhanced spectral output in this region when excited by blue or UV light. 

30 SUMMARY OF THE INVENTION 

In a first aspect, the invention provides a white-light emitting device 
including a semiconductor light source having a peak emission from about 
250 to about 550 nm and a phosphor blend including a first phosphor 
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comprising (REi.xScxCey)2A3-pBpSiz-qGeqOi2+6, where RE is selected from a 
lanthanide ion or Y^". A is selected from Mg, Ca, Sr. or Ba. B is selected from 
Mg and Zn, and where 0<p<3. 0<q<3, 2.5<z<3.5, Osx<1. 0<y<0.3. -1.5^5<1.5. 
In a second aspect, the present invention provides a white light 
5 emitting device including a semiconductor light source having a peak 
emission from about 250 to about 500 nm and a phosphor composition having 
the formula (Tbi.x.y.z-wYxGdyLu2Cew)3MrAls^Oi2+5, where M is selected from Sc, 
In, Ga, Zn, or Mg, and where 0<w<0.3, 0<x<1, 0^y<0.4. 0^z<1, 0<r<4.5, 4.5<s 
<6. and -1.5<5<1.5. 

10 In a third aspect, the present invention provides a phosphor having the 

formula (REi.xSCxCey)2A3-pBpSiz_qGeqOi2+5, where RE is selected from a 
lanthanide ion or Y^"^. A is selected from Mg, Ca, Sr, or Ba, B is selected from 
Mg and Zn, and where 0<p<3, 0<q<3, 2.5<z<3.5, 0<x<1, 0<y<0.3. -1.5<5<1.5. 
In a fourth aspect, the present invention provides a phosphor having 

15 the formula (Tbi.x-y-z-wYxGdyLuzCew)3MrAls-rOi2+5, where M is selected from Sc, 
In, Ga, Zn, or Mg, and where 0<w<0.3. 0<x<1, 0^y<0.4. 0^z<1, 0<r<4.5, 4.5<s 
<6. and -1.5<5<1.5. 

In a fifth aspect, the present invention provides a phosphor blend 
including a first phosphor having the formula (Tbi.x-y-z.wYxGdyLuzCew)3MrAls- 

20 rOi2+6i where M is selected from Sc, In, Ga, Zn, or Mg, and where 0<w^0.3, 0 
<x<1, 0<y<0.4, 0^z<1. 0<r<4.5, 4.5<s<6, and -1.5<5^1.5, and a second 
phosphor having the formula (REi.xSCxCey)2A3.pBpSiz-qGeqO 

12+61 where RE is 

selected from a lanthanide ion or Y^"^. A is selected from Mg. Ca, Sr, or Ba. B 
is selected from Mg and Zn. and where 0<p<3. 0<q<3. 2.5<z<3.5. 0<x<1, 
25 0<y<0.3. -1.5<5<1.5. 

In a sixth aspect, the present invention provides a phosphor having the 
formula (Cai.x.y-zSrxBayCez)3(Sci.a.bLuaDc)2Sin.wGewOi2+6, where D is either Mg 
orZn. 0<x<1, 0<y<1. 0<z^0.3. 0<a^1, 0<c<1, 0^w<3. 2.5<n^3.5, and-1.5<5< 
1.5. 

30 In a seventh aspect, the present invention provides a light source 

including an LED having an emission wavelength of from about 250 to about 
500 nm and a phosphor composition comprising (Cai-x-y-zSrxBayCez)3(Sci.a- 
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bLuaDc)2Sin.wGewOi2+6, Where D is either Mg or Zn. 0<x<1, 0<y<1. 0<z<0.3, 0 
<a<1. 0<c<1, 0^w<3. 2.5<n^3.5, and -1.5<5<1.5. 

In an eighth aspect, the present Invention provides a phosphor that is a 
solid solution of the compositions given above. 
S In a ninth aspect including an LED having an emission wavelength of 

from about 250 to about 550 nm and a phosphor composition that comprises 
a solid solution of the compositions given above. 

BRIEF DESCRIPTION OF THE DRAWINGS 
10 FIGURE 1 is a schematic cross-sectional view of an illumination 

system in accordance with one embodiment of the present invention. 

FIGURE 2 is a schematic cross-sectional view of an illumination 
system in accordance with a second embodiment of the present invention. 

FIGURE 3 is a schematic cross-sectional view of an illumination 
15 system in accordance with a third embodiment of the present invention. 

FIGURE 4 is a cutaway side perspective view of an illumination system 
in accordance with a fourth embodiment of the present invention. 

FIGURE 5 is a graph of the emission spectra of a TAG phosphor and a 
phosphor according to the present invention having the formula 

20 (Tbo.57Yo.2Gdo.2Ceo.03)3Al4.90i2+5. 

FIGURE 6 is a graph of the color coordinates of light from LED 
illumination systems including different phosphor components on the CIE 
color chromaticity diagram. 

FIGURE 7 is a graph of the excitation spectra of a TAG phosphor and 
25 a phosphor according to the present invention having the formula 
(Luo.97Ceo.o3)2CaMg2Si2GeOi2- 

FIGURE 8 is a graph of the emission spectra of a TAG phosphor and a 
phosphor according to the present invention having the formula 
(Luo.97Ceo.o3)2CaMg2Si2GeOi2. 
30 FIGURE 9 is a graph of the emission and absorption spectra of 

(Cao.99Ceo.oi)3Sc2Si30i2. 
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DETAILED DESCRIPTION OF THE INVENTION 

Phosphors convert radiation (energy) to visible light. Different 
combinations of phosphors provide different colored light emissions. The 
colored light that originates from the phosphors provides a color temperature. 
5 Novel phosphor compositions are presented herein as well as their use in 
LED and other light sources. 

A phosphor conversion material (phosphor material) converts 
generated UV or blue radiation to a different wavelength visible light. The 
color of the generated visible light is dependent on the particular components 

10 of the phosphor material. The phosphor material may include only a single 
phosphor composition or two or more phosphors of basic color, for example a 
particular mix with one or more of a yellow and red phosphor to emit a desired 
color (tint) of light. As used herein, the term "phosphor material" is intended to 
include both a single phosphor as well as a blend of two or more phosphors. 

15 It was determined that an LED lamp that produces a bright-white light 

would be useful to impart desirable qualities to LEDs as light sources. 
Therefore, in one embodiment of the invention, a luminescent material 
phosphor conversion material blend (phosphor blend) coated LED is 
disclosed for providing white light. The individual phosphors and a phosphor 

20 blend including the individual phosphors convert radiation at a specified 
wavelength, for example radiation from about 250 to 550 nm as emitted by a 
near UV or blue LED, into visible light The visible light provided by the 
phosphor blend comprises a bright white light with high intensity and 
brightness. 

25 With reference to Figure 1, an exemplary light emitting assembly or 

lamp 10 is shown in accordance with one preferred structure of the present 
invention. The light emitting assembly 10 comprises a semiconductor UV 
radiation source, such as a light emitting diode (LED) chip 12 and leads 14 
electrically attached to the LED chip. The leads 14 may comprise thin wires 

30 supported by a thicker lead frame(s) 16 or the leads may comprise self 
supported electrodes and the lead frame may be omitted. The leads 14 
provide current to the LED chip 12 and thus cause the LED chip 12 to emit 
radiation. 
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The lamp may include any semiconductor blue or UV light source that 
is capable of producing white light when its emitted radiation is directed onto 
the phosphor. In a preferred embodiment, the semiconductor light source 
comprises a blue emitting LED doped with various impurities. Thus, the LED 
5 may comprise a semiconductor diode based on any suitable lll-V, ll-VI or IV- 
IV semiconductor layers and having an emission wavelength of about 250 to 
550 nm. Preferably, the LED may contain at least one semiconductor layer 
comprising GaN. ZnSe or SiC. For example, the LED may comprise a nitride 
compound semiconductor represented by the formula IniGajAlkN (where O^i; 

10 0<j; 0<k and i +j +k =1) having an emission wavelength greater than about 
250 nm and less than about 550 nm. Preferably, the chip is a blue emitting 
LED having a peak emission wavelength from about 400 to about 500 nm. 
Such LED semiconductors are known in the art. The radiation source is 
described herein as an LED for convenience. However, as used herein, the 

15 term is meant to encompass all semiconductor radiation sources including, 
e.g., semiconductor laser diodes. 

Although the general discussion of the exemplary structures of the 
invention discussed herein are directed toward inorganic LED based light 
sources, it should be understood that the LED chip may be replaced by an 

20 organic light emissive structure or other radiation source unless otherwise 
noted and that any reference to LED chip or semiconductor is merely 
representative of any appropriate radiation source. 

Organic light emissive structures are known in the art. A common 
high-efficiency organic emissive structure is referred to as the double 

25 heterostructure LED. This structure is very similar to conventional, inorganic 
LED's using materials as GaAs or InP. In this type of device, a support layer 
of glass is coated by a thin layer of indium/tin oxide (ITO) to form the 
substrate for the structure. Next, a thin (100-500 A) organic, predominantly 
hole-transporting, layer (HTL) is deposited on the ITO layer. Deposited on the 

30 surface of the HTL layer is a thin (typically. 50-100 A) emissive layer (EL). If 
these layers are too thin, there may be breaks in the continuity of the film; as 
the thickness of the film increases, the internal resistance increases, requiring 
higher power consumption for operation. The emissive layer (EL) provides 
the recombination site for electrons, injected from a 100-500 A thick electron 
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transporting layer (ETL) that is deposited upon the EL, and holes from the 
HTL layer. The ETL material is characterized by considerably higher mobility 
for electrons than for charge deficient centers (holes). 

Another known organic emissive structure is referred to as a single 
5 heterostructure. The difference in this structure relative to that of the double 
heterostructure is that the electroluminescent layer also serves as an ETL 
layer, eliminating the need for the ETL layer. However, this type of device, for 
efficient operation, must incorporate an EL layer having good electron 
transport capability, othenA^ise a separate ETL layer must be included, 

10 rendering the structure effectively the same as a double heterostructure. 

A known alternative device structure for an LED is referred to as a 
single layer (or polymer) LED. This type of device includes a glass support 
layer coated by a thin ITO layer, forming the base substrate. A thin organic 
layer of spin-coated polymer, for example, is then formed over the ITO layer, 

15 and provides all of the functions of the HTL, ETL. and EL layers of the 
previously described devices. A metal electrode layer is then formed over the 
organic polymer layer. The metal is typically Mg. Ca, or other conventionally 
used metals. 

The LED chip 12 may be encapsulated within a shell 18, which 
20 encloses the LED chip and an encapsulant material 20. The shell 18 may be. 
for example, glass or plastic. Preferably, the LED 12 is substantially centered 
in the encapsulant 20. The encapsulant 20 is preferably an epoxy, plastic, 
low temperature glass, polymer, thermoplastic, thermoset material, resin or 
other type of LED encapsulating material as is known in the art. Optionally. 
25 the encapsulant 20 is a spin-on glass or some other high index of refraction 
material. Preferably, the encapsulant material 20 is an epoxy or a polymer 
material, such as silicone. Both the shell 18 and the encapsulant 20 are 
preferably transparent or substantially optically transmissive with respect to 
the wavelength of light produced by the LED chip 12 and a phosphor 
30 composition 22 (described below). Alternately, the lamp may 10 may only 
comprise an encapsulant material without an outer shell 18. The LED chip 12 
may be supported, for example, by the lead frame 16, by the self supporting 
electrodes, the bottom of the shell 18. or by a pedestal (not shown) mounted 
to the shell or to the lead frame. 



The structure of the illumination system includes a phosphor 
composition 22 radiationally coupled to the LED chip 12. Radiationally 
coupled means that the elements are associated with each other so radiation 
from one is transmitted to the other. In a preferred embodiment, the phosphor 
5 composition 22 is a blend of two or more phosphors, as will be detailed below. 
This phosphor composition 22 is deposited on the LED 12 by any appropriate 
method. For example, a water based suspension of the phosphor(s) can be 
formed, and applied as a phosphor layer to the LED surface. In one such 
method, a silicone slurry in which the phosphor particles are randomly 

10 suspended is placed around the LED. This method is merely exemplary of 
possible positions of the phosphor composition 22 and LED 12. Thus, the 
phosphor composition 22 may be coated over or directly on the light emitting 
surface of the LED chip 12 by coating and drying the phosphor suspension 
over the LED chip 12. Both the shell 18 and the encapsulant 20 should be 

15 transparent to allow white light 24 to be transmitted through those elements. 
Although not intended to be limiting, in one embodiment, the median particle 
size of the phosphor composition may be from about 1 to about 10 microns. 

FIG. 2 illustrates a second preferred structure of the system according 
to the preferred aspect of the present invention. The structure of the 

20 embodiment of FIG. 2 is similar to that of FIG. 1, except that the phosphor 
composition 122 Is interspersed within the encapsulant material 120, instead 
of being formed directly on the LED chip 112. The phosphor (in the form of a 
powder) may be interspersed within a single region of the encapsulant 
material 120 or, more preferably, throughout the entire volume of the 

25 encapsulant material. Blue light 126 emitted by the LED chip 112 mixes with 
the light emitted by the phosphor composition 122, and the mixed light 
appears as white light 124. If the phosphor is to be interspersed within the 
encapsulant material 120, then a phosphor powder may be added to a 
polymer precursor, loaded around the LED chip 112, and then the polymer 

30 precursor may be cured to solidify the polymer material. Other known 
phosphor interspersion methods may also be used, such as transfer loading. 

FIG. 3 illustrates a third preferred structure of the system according to 
the preferred aspects of the present invention. The structure of the 
embodiment shown in FIG. 3 is similar to that of FIG. 1, except that the 
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phosphor composition 222 is coated onto a surface of the shell 218. instead of 
being fomied over the LED chip 212. The phosphor composition is preferably 
coated on the inside surface of the shell 218, although the phosphor may be 
coated on the outside surface of the shell, if desired. The phosphor 
5 composition 222 may be coated on the entire surface of the shell or only a top 
portion of the surface of the shell. The UV light 226 emitted by the LED chip 
212 mixes with the light emitted by the phosphor composition 222. and the 
mixed light appears as white light 224. Of course, the structures of FIGS. 1-3 
may be combined and the phosphor may be located in any two or all three 

10 locations or In any other suitable location, such as separately from the shell or 
integrated into the LED. 

In any of the above structures, the lamp 10 may also include a plurality 
of scattering particles (not shown), which are embedded In the encapsulant 
material. The scattering particles may comprise, for example. AI2O3 particles 

15 such as alumina powder or Ti02 particles. The scattering particles effectively 
scatter the coherent light emitted from the LED chip, preferably with a 
negligible amount of absorption. 

As shown in a fourth preferred structure in Figure 4. the LED chip 412 
may be mounted in a reflective cup 430. The cup 430 may be made from or 

20 coated with a reflective material, such as alumina, titania. or other dielectric 
powder known in the art. A preferred reflective material is AI2O3. The 
remainder of the structure of the embodiment of FIG. 4 is the same as that of 
any of the previous Figures, and includes two leads 416. a conducting wire 
432 electrically connecting the LED chip 412 with the second lead, and an 

25 encapsulant material 420. 

In one embodiment, the invention provides a novel phosphor 
composition, which may be used In the phosphor composition 22 in the above 
described LED light, having the general formula (Tbi^x-y-z- 
wYxGdyLuzCew)3MrAls-fOi2+6, where M is selected from Sc. In, Ga, Zn, or Mg, 

30 and where 0<w<0.3, 0<x<1, 0<y<0.4, 0<z<1, 0<r<4.5, 4.5<s<6, and -1.5<5< 
1.5. A particularly preferred phosphor composition has the formula 
(Tbo.57Ceo.o3Yo.2Gdo.2)3Als^Oi2+6. When used with an LED emitting at from 250 



to 500 nm. the resulting lighting system will produce a light having a white 
color, the characteristics of which will be discussed in more detail below. 

The above described formulation produces a phosphor with an 
emission having a deeper red component as compared to conventional TAG 
5 phosphor by shifting the Ce^* emission to a deeper red (i.e. longer) 
wavelength with the addition of isovalent ions. This effect is shown in Figure 
5, which shows the emission of a phosphor having the formula 
(Tbo.57Ceo.o3Yo.2Gdo.2)3Al4.90i2+6 as compared to TAG. It can be seen that the 
modified TAG phosphor having a portion of Tb substituted by equal amounts 

10 of Y and Gd according to the above formula shifts the emission maximum 
towards the red compared to a conventional TAG phosphor. 

When combined with a LED emitting at from 350-550 nm and, 
optionally, one or more additional phosphors, the use of the above phosphor 
allows for a white LED device having a higher CRI value and lower CCT as 

15 compared to a TAG based lighting device. LED devices having CCT values 
from about 2500 to about 10000. preferably from 2500 to 4500. and high CRI 
values from about 70 to 95 can be made. This allows for an increased ccx 
coordinate and a reduced ccy coordinate on the CIE color chromaticity 
diagram for the LED device, resulting in a "warmer" color LED. This effect 

20 can be seen in figure 6, which shows the color coordinates of otherwise 
identical LED lighting packages using different phosphor components. It can 
be seen than the LED using an 80/20 blend of (Tba57Ceo.o3Yo.2Gdo.2)3Al4.90i2+5 
and TAG:Ce has a greater ccx coordinate and a lower ccy coordinate than a 
comparable LED using TAG:Ce alone, which evidences a lower CCT. 

In a second embodiment, the phosphor composition includes a 
phosphor composition with a garnet major phase and a secondary silicate 
phase having the formula (REi_xSCxCey)2A3.pBpSiz-qGeqOi2-h6, where RE is 
selected from a lanthanide ion or Y^"", A is selected from Mg, Ca, Sr, or Ba, B 
is selected from Mg and Zn. and where 0<p<3, 0<q<3, 2,5<z<3.5, 0<x<1, 
0<y<0.3, -1.5<5<1.5. The provision of z being from 2.5 to 3.5 allows for an 
"off-stoichiometric" phosphor without any significant changes in the 
luminescent properties of the material. In a preferred embodiment, RE = Y or 
Lu or Sc. with Lu or Sc particularly preferred, y<0.05, A = Ca or Mg, with Ca 
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being particularly preferred. B = Mg, 2.9^z<3.1. and 0^q/(z-q)<0.5. A 
preferred composition of this embodiment having a redder emission color has 
the formula (REi.xCex)2A3-pBpSi3-qGeqOi2+6. where x. p, and q are defined 
above and RE is Lu. A particularly preferred composition is 
(Luo.955Ceo.o45)2CaMg2Si30i2. 

Figures 7 and 8 show the absorption and emission spectra, 
respectively, of a (Luo.97Ceo.o3)2CaMg2Si2GeOi2 phosphor and a TAG:Ce 
phosphor. The emission spectra are under an excitation wavelength of 470 
nm. As can be seen, the emission spectrum of the 
5 (Luo.97Ceo.o3)2CaMg2Si2GeOi2 phosphor shows a peak emission at a 
wavelength longer (i.e. redder) than TAG:Ce. In addition, the absorption 
spectra shows that the strongest absorption of the 
(Luo.97Ceo.o3)2CaMg2Si2GeOi2 phosphor is centered around 470 nm. This is 
advantageous when this phosphor is used in conjunction with additional 
10 phosphors, as it will be unlikely to significantly absorb emission from these 
other phosphors. 

The versatility of the above phosphor compositions in LED lighting 
systems may be improved by the inclusion of Sc in the material. The peak 
emission of these materials compared to that of a conventional TAG:Ce 

15 phosphor can be shifted by controlling the amount of Sc in the host material. 
Thus, while the above phosphor compositions will typically have a significantly 
redder (longer wavelength) emission as compared to TAGrCe, the addition of 
significant amounts of Sc to the phosphors will actually shift their emission to 
a comparable or even shorter wavelength as compared to TAGiCe in the 

20 range of from about 0 to about 20 nm. Compositions that are rich in Sc (e.g. 
x=0.955 in the formula (REi.xSCxCey)2Ai.rB2+rSiz-qGeqOi2+s) are yellow and can 
substitute for TAG:Ce in most applications, while Sc lean compositions (e.g. 
x=0.10 in the same formula) will have a significant red shift in comparison to 
TAG:Ce as described above. This results in a very versatile phosphor that 

25 can be used in a variety of applications by simply modifying the amount of 
individual components in the phosphor 

The above described phosphors may contain optically inert trace 
impurities including, for example, apatites such as Ln9.33(Si04)602. and well as 



other silicates, such as Ln2Si207 or LnaSiOs. The presence of such impurities 
in an amount up to 10% by weight of the phosphor composition will not 
significantly affect the quantum efficiency or color of the phosphor. 

In a third embodiment, the phosphor composition includes a phosphor 
5 composition having the formula (Cai.x-y-zSrxBayCe2)3(Sci.a-bLuaDc)2Sin. 
wGewOi2+8. where D is either Mg or Zn. 0^x<1, 0<y<1, 0<z<0.3, 0<a<1, 0<c^1. 
0^w<3. 2.5<n^3.5. and -1.5^5^1.5. In this embodiment, the LED preferably 
has a primary emission in the region of from 250 to 500 nm. In a preferred 
embodiment. 0^x^0.1, 0<y<0.1. 0<z<0.01, O^a^O.2. D=Mg. 0^c<0.2, 2.9<n< 

10 3.1. 0^w/(n-w)<0.5. 

Depending on the exact formulation, this phosphor has a quantum 
efficiency of about 70% or greater of a typical YAG:Ce phosphor. Preferred 
specific embodiments of this phosphor include those where the Si.Ge 
component includes at least 66% Si"*"^. at least 83% Si^* and 100% Si"**. 

15 Thus, preferred specific embodiments include Ca3Sc2(SixGei-x)30i2:Ce, where 
X is from 0.67 to 1.0. 

Figure 9 shows an absorption and emission spectra for a phosphor 
having the formula (Cao.99Ceo.oi)3Sc2Si30i2. This phosphor has less thermal 
quenching as compared to a conventional YAG:Ce phosphor with the ratio 

20 l(T)/(RT) ranging from about 1 at room temperature to about 0.8 at 250°C, 
indicating a very high quantum efficiency for these materials. 

The above described phosphor compositions may be produced using 
known solid state reaction processes for the production of phosphors by 
combining, for example, elemental oxides, carbonates and/or hydroxides as 

25 starting materials. Other starting materials may include nitrates, sulfates, 
acetates, citrates, or oxalates. Alternately, coprecipitates of the rare earth 
oxides could be used as the starting materials for the RE elements. Si is 
typically provided via silicic acid, but other sources such as fumed silica may 
also be used. In a typical process, the starting materials are combined via a 

30 dry or wet blending process and fired in air or under a reducing atmosphere at 
from, e.g., 1000 to 1600^0. 

A fluxing agent may be added to the mixture before or during the step 
of mixing. This fluxing agent may be NH4CI or any other conventional fluxing 



agent, such as a fluoride of at least one metal selected from the group 
consisting of terbium, aluminum, gallium, and indium. A quantity of a fluxing 
agent of less than about 20. preferably less than about 10. percent by weight 
of the total weight of the mixture is adequate for fluxing purposes. 
5 The starting materials may be mixed together by any mechanical 

method including, but not limited to, stirring or blending in a high-speed 
blender or a ribbon blender. The starting materials may be combined and 
pulverized together in a bowl mill, a hammer mill, or a jet mill. The mixing 
may be carried out by wet milling especially when the mixture of the starting 

10 materials is to be made into a solution for subsequent precipitation. If the 
mixture is wet, it may be dried first before being fired under a reducing 
atmosphere at a temperature from about 900°C to about 1700*^C, preferably 
from about lOOO'^C to about 1600°C, for a time sufficient to convert all of the 
mixture to the final composition. 

15 The firing may be conducted in a batchwise or continuous process, 

preferably with a stirring or mixing action to promote good gas-solid contact. 
The firing time depends on the quantity of the mixture to be fired, the rate of 
gas conducted through the firing equipment, and the quality of the gas-solid 
contact in the firing equipment. Typically, a firing time up to about 10 hours is 

20 adequate. The reducing atmosphere typically comprises a reducing gas such 
as hydrogen, carbon monoxide, or a combination thereof, optionally diluted 
with an inert gas, such as nitrogen, helium, neon, argon, krypton, xenon, or a 
combination thereof. Alternatively, the crucible containing the mixture may be 
packed in a second closed crucible containing high-purity carbon particles and 

25 fired in air so that the carbon particles react with the oxygen present in air. 
thereby, generating carbon monoxide for providing a reducing atmosphere. 

These compounds may be blended and dissolved in a nitric acid 
solution. The strength of the acid solution is chosen to rapidly dissolve the 
oxygen-containing compounds and the choice is within the skill of a person 

30 skilled in the art. Ammonium hydroxide is then added in increments to the 
acidic solution. An organic base such as methanolamine, ethanolamine. 
propanolamine, dimethanolamine, diethanolamine, dipropanolamine, 
trimethanolamine, triethanolamine. or tripropanolamine may be used in place 
of ammonium hydroxide. 



The precipitate is filtered, washed with deionized water, and dried. The 
dried precipitate is ball milled or otherwise thoroughly blended and then 
calcined in air at about 400°C to about 1600°C for a sufficient time to ensure a 
substantially complete dehydration of the starting material. The calcination 
5 may be carried out at a constant temperature. Alternatively, the calcination 
temperature may be ramped from ambient to and held at the final temperature 
for the duration of the calcination. The calcined material is similarly fired at 
1 000-1 600°C for a sufficient time under a reducing atmosphere such as H2. 
CO. or a mixture of one of theses gases with an inert gas. or an atmosphere 

10 generated by a reaction between a coconut charcoal and the products of the 
decomposition of the starting materials to covert all of the calcined material to 
the desired phosphor composition. 

A sol-gel synthesis may also be used to produce the phosphors of the 
present invention. Thus, in an exemplary process, an (LuCe)2CaMg2Si30i2 

15 phosphor according to the present invention can be made by first combining 
predetermined amounts of LU2O3. CaCOa, MgCOa. Ce2(C03)3*xH20 and 
wetting them with water. Dilute nitric acid is then added to dissolve the oxide 
and carbonates. The solution is then dried to remove excess nitric acid and 
then dissolved in absolute ethanol. In a second container, a predetermined 

20 amount of tetraethyl orthosilicate (TEOS) is dissolved in absolute ethanol. 
The contents of the two containers are then combined and stirred under heat 
until gelling occurs. The gel is subsequently heated in an oven to remove 
organics. ground to a powder, and then calcined at 800-1 200°C. Finally, the 
powder may be ground again and further calcined in 1% H2 reducing 

25 atmosphere at 1400°C for 5 hours. Similar procedures can be used for the 
other described phosphors. 

While suitable in many applications alone with a blue or UV LED chip, 
the above two phosphor compositions may be blended with each other or one 
or more additional phosphors for use in LED light sources. Thus, in another 

30 embodiment, an LED lighting assembly is provided including a phosphor 
composition 22 comprising a blend of a phosphor from one of the above 
embodiments with one or more additional phosphors. When used in a lighting 
assembly in combination with a blue or near UV LED emitting radiation in the 
range of about 250 to 550 nm, the resultant light emitted by the assembly will 



be a white light In one embodiment, the phosphor composition comprises a 
blend of the two phosphors (REi.xSCxCey)2A3-pBpSiz-qGeqOi2+6. and (Tbi.x-y-z- 
wYxGdyLu2Cew)3MrAls.rOi2+6, as described above, and optionally one or more 
additional phosphors. 
5 In another preferred embodiment, the phosphor composition includes a 

blend of any combination of (REi.xSCxCey)2A3.pBpSiz-qGeqOi2+5. (Tbi.x-y-z- 
wYxGdyLUzCew)3MrAls.rOi2+6. (Cai-x-y-zSrxBayCez)3(Sci.a-bLUaDc)2Sin. 
wGewOi2+5and TAG:Ce along with a blue-green phosphor and a red phosphor. 
The relative amounts of each phosphor in the phosphor composition can be 

10 described in terms of spectral weight. The spectral weight is the relative 
amount that each phosphor contributes to the overall emission spectra of the 
phosphor blend. The spectral weight amounts of all the individual phosphors 
should add up to 1. A preferred blend comprises a spectral weight of from 
0.001 to 0.200 for the blue-green phosphor, from 0.001 to 0.300 of the red 

15 phosphor, and the balance of the blend being (REvxScxCey)2A3-pBpSiz. 
qGeqOi2+5. (Tbi-x-y-z.wYxGdyLuzCew)3MrAls-rOi2+6, (Cai.x-y-zSrxBayCez)3(Sci.a- 
bLuaDc)2Sin-wGewOi2+6 and/or TAG:Ce. Any known blue-green and red 
phosphor suitable for use in UV or blue LED systems may be used. In 
addition, other phosphors such as green, blue, orange, or other color 

20 phosphors may be used in the blend to customize the white color of the 
resulting light and produce higher CRI sources. When used in conjunction 
with a LED chip emitting at from, e.g., 250 to 550 nm, the lighting system 
preferably includes a blue phosphor for converting some, and preferably all, of 
the LED radiation to blue light, which in turn can then be efficiently converted 

25 by the present inventive phosphors. While not intended to be limiting, suitable 
phosphor for use in the blend with the present invention phosphors include: 



BLUE: 

{Ba.Sr,Ca)5(P04)3(CI,F,Br, OH):Eu2*, Mn^\ Sb' 
30 (Ba,Sr.Ca)MgAlioOi7:Eu^MVIn^* 

(Ba,Sr,Ca)BP05:Eu2\ Mn^* 

(Sr,Ca)io(P04)6*nB203:Eu^* 

2SrO*0.84P2O5*0. 1 6B2O3: Eu^"^ 

Sr2Si308*2SrCl2:Eu^* 
35 Ba3MgSi208:Eu^'^ 

Sr4Ali4025:Eu2* (SAE) 
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BaAlaOiaiEu^* 

BLUE-GREEN: 

Sr4Ali4025:Eu^* 
5 BaAl80i3:Eu2* 

2SrO-0.84P205-o.i6B203:Eu2* 
(Ba,Sr,Ca)MgAlioOi7:Eu^\Mn^* 
(Ba.Sr.Ca)5(P04)3(CI,F,OH);Eu2MVln2*. Sb^* 

10 GREEN: 

(Ba,Sr,Ga)MgAlioOi7:Eu2*.Mn2* (BAMn) 

(Ba,Sr,Ca)Al204:Eu^* 

(Y.Gd,Lu,Sc,La)B03:Ce^Mb^* 

Ca8Mg(Si04)4Cl2: Eu^MVIn^^* 
15 (Ba,Sr,Ca)2Si04:Eu^* 

(Ba.Sr,Ca)2(Mg,Zn)Si207:Eu2* 

(Sr,Ca,Ba)(AI,Ga,ln)2S4:Eu^* 

(Y.Gd.Tb.La.Sm.Pr. Lu)3(AI,Ga>Oi2:Ce^* 

(Ca,Sr)8(Mg,Zn)(Si04)4Cl2: Eu^*. Mn^* (CASI) 
20 Na2Gd2B207:Ce^*, 

(Ba,Sr)2(Ca,Mg,Zn)B206:K,Ce.Tb 

YELLOW-ORANGE: 

(Sr.Ca.Ba.Mg.Zn)2P207:Eu2*, Mn^* (SPP); 
25 (Ca.Sr.Ba.Mg)io(P04)6(F.Gl.Br.OH): Eu^^.Mn^* (HALO); 



RED: 

(Gd,Y,Lu,La)203:Eu^\Bi^* 
30 (Gd,Y,Lu.La)202S:Eu^*.Bi^* 

(Gd,Y.Lu.La)V04:Eu^*.Bi^* 

(Ca,Sr)S:Eu^* 

SrY2S4:Eu2* 

CaLa2S4:Ce^* 
35 (Ga,Sr)S:Eu2* 

3.5MgO*0.5MgF2*GeO2:Mn''* (MFG) 

(Ba.Sr,Ca)MgP207:Eu^*.Mn2* 

(Y,Lu)2W06:Eu^+, Mo^* 

(Ba,Sr,Ga)xSiyN2:Eu2* 

40 



The ratio of each of the individual phosphors in the phosphor blend 
may vary depending on the characteristics of the desired light output The 
relative proportions of the individual phosphors in the various embodiment 
45 phosphor blends may be adjusted such that when their emissions are blended 
and employed in an LED lighting device, there is produced visible light of 
predetermined x and y values on the CIE chromaticity diagram. As stated, a 
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white light is preferably produced. This white light may. for instance, may 
possess an x value in the range of about 0.30 to about 0.55, and a y value in 
the range of about 0.30 to about 0.55. As stated, however, the exact identity 
and amounts of each phosphor in the phosphor composition can be varied 

5 according to the needs of the end user. 

Various phosphor compositions according to the above formulation for 
the first embodiment phosphor were manufactured. The color coordinates of 
these phosphors were measured and the quantum efficiency ("QE") of these 
phosphors were compared to that of a TAG:Ce phosphor using a 470 nm 

10 excitation wavelength. The results are shown below in Table 1. The QE is 
given as a percent of the QE of the YAG:Ce phosphor. 



TABLE 1 



Composition 


QE (%) 


Ccx 


Ccy 


(Tbo.S7Ceo.03Yo.2Gdo.2)3Al4.90i2+s 


96 


0.495 


0.497 


{Tbo.S7Ceo.03Yo.1 Gdo.3)3Al4.90i2+6 


91 


0.493 


0.498 


(Tbo.67Ceo.03GcJo.3)3Al4.90i2+« 


77 


0.487 


0.504 


(Tba57Ceo.o3Gdo.4)3Al4.90i2*6 


92 


0.493 


0.498 


n'bo.47Ceo,03Gdo.s)3Al4 90i2*S 


58 


0.488 


0.502 


(Tbo.37Ceo.03Yo.1Gdo 5)3Al4 9O12+6 


70 


0.495 


0.497 


(Tbo.57Ceo.03LUo.3Gdo. 1 )3Al4.90 1 2+5 


79 


0.486 


0.504 


(Tbo 57Ceo o3LUa2Gdo 2)3Al4 90i2t5 


69 


0.488 


0.502 


(Tbos7Ceo 03LuaiGdo3)3Al4.9Oi2+6 


86 


0.494 


0.498 


(Tba6sCeo.o5Gdo.3)3Al4 90i2ts 


70 


0.486 


0.505 


(Tbo.63Ceo.o7Gdo.3)3Al4 9O12+S 


55 


0.486 


0.504 


(Tbo.5sCeo.o5Gdo4)3Al4.90i2+8 


84 


0.491 


0.500 


(Tbo.s5Ceo.o7Gdo.4)3Al4.gOi2+5 


75 


0.490 


0.501 



15 As can be seen from the above chart, a preferred composition 

according to the first embodiment of the present invention is 
(Tbo.57Ceo.o3Yo.2Gdo.2)3Al4.90i2+6. which provides a QE comparable to that of 
TAG while having a significantly redder emission (ccx=0.495 and ccy=0.497 
versus ccx=0.480 and ccy=0.510 for TAG), thus allowing for the production of 

18 



white LEDs having lower CCT values than those available using TAG as a red 
emitting phosphor component. 

When this phosphor is blended with another phosphor according to the 
second embodiment phosphor described above, this effect can be seen 
5 clearly. In this respect, Table 2 shows characteristics of LEDs comprising a 
blend of (Tbo.57Ceo.o3Yo.2Gdo.2)3Al4.90i2+5 (phosphor 1) and 
(Luo.955Ceo.o45)2CaMg2Si2GeOi2 (phosphor 2) and an LED emitting at 470 nm. 
The percentages are the spectral weight of each emission component in the 
light emitted by the LED. 

10 

TABLE 2 



% 470 
nm 


% phosphor 1 


% phosphor 2 


CCT 


CRI 


Luminosity (Im/W-rad) 


22 


78 


0 


3750 


79 


315 


20 


64 


16 


3470 


78 


314 


17 


50 


33 


3225 


77 


312 


16 


42 


42 


3110 


76 


310 


15 


34 


51 


3010 


75 


309 


13 


17 


70 


2816 


74 


304 


11 


0 


89 


2638 


72 


299 



The blend of (Tbo.57Ceo.o3Yo.2Gclo.2)3Al4.90i2+6 and 

(Luo.955Ceo.o45)2CaMg2Si2GeOi2 enables the production of LEDs with CCT's 

15 that are comparable to halogen and incandescent light sources while 
improving CRI at high CCTs as compared to TAG based LEDs. Thus, 
phosphor blends including the above disclosed phosphors can be used to 
produce LED lamps having CRI's of greater than 60 at CCTs of from 2500 to 
8000, with CRI's preferably greater than 70. 

20 The use of (Ca,Sr,Ba)3(Sc.Lu)2(Si,Ge)30i2:Ce^^ in the above blends of 

(Tbo.57Ceo.o3Yo.2Gdo.2)3Al4.90i2+5 and (Luo.955Ceo.o45)2CaMg2Si2GeOi2 can 
boost the CRI due to the additional blue-green emission of this phosphor. 

The phosphor composition described above may be used in additional 
applications besides LEDs. For example, the material may be used as a 

19 



phosphor in a fluorescent lamp, in a cathode ray tube, in a plasma display 
device or in a liquid crystal display (LCD). The material may also be used as 
a scintillator in an electromagnetic calorimeter, in a gamma ray camera, in a 
computed tomography scanner or in a laser. These uses are meant to be 
merely exemplary and not exhaustive. 

The invention has been described with reference to various preferred 
embodiments. Modifications and alteration will occur to others upon a reading 
and understanding of this specification. The invention is intended to include 
all such modifications and alterations insofar as they come within the scope of 
the appended claims or the equivalent thereof. 

What is claimed is: 
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